Xbap,a Vertebrate Gene Related tobagpipe, Is Expressed in Developing Craniofacial Structures and in Anterior Gut Muscle  by Newman, Craig S. et al.
DEVELOPMENTAL BIOLOGY 181, 223-233 (1997) 
ARTICLE NO. DB968416 
Xbap, a Vertebrate Gene Related to bagpipe, 
Is Expressed in Developing Craniofacial 
Structures and in Anterior Gut Muscle 
Craig S. Newman, Matthew W. Grow, Ondine Cleaver, 
Frank Chia, and Paul Krieg1 
Center for Developmental Biology, Department of Zoology, University of Texas at Austin, 
Austin, Texas 78712 
The Drosophila bagpipe (bap) gene is involved in the specification of the musculature of the embryonic midgut. We report 
the isolation and characterization of a Xenopus sequence, Xbap, which is closely related to bap. Xbap is also expressed 
in the developing musculature of the midgut, suggesting that this developmental role of bagpipe is evolutionarily conserved. 
However, a second, novel role in development is suggested by the observation that Xbap is also expressed in a region of 
the developing facial cartilage. Using a combination of cartilage staining and comparison to the goosecoid head expression 
pattern, we show that Xbap expression marks the precursors to the basihyobranchial, palatoquadrate, and possibly Meckel's 
cartilages. This vertebrate bagpipe sequence therefore is expressed in both mesodermally and neural crest-derived tissues. 
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INTRODUCTION 
Homeodomain-containing proteins have been implicated 
in the control of a variety of developmentally important 
events including the patterning of the anterior/posterior 
axis and organogenesis. In virtually all cases, expression of 
the homeobox gene precedes any overt, cellular differentia-
tion, suggesting that homeodomain proteins act as molecu-
lar switches, instructing cells to adopt particular states of 
determination. In this way, cells that are initially identical 
can go on to different fates by expressing different comple-
ments of homeobox genes. Specific homeobox genes are 
implicated in the specification and subsequent maturation 
of a number of vertebrate organs and organ systems. Exam-
ples include Hox11 in the spleen (Roberts et al., 1994; Dear 
et al., 1995), Hlx in the gut and liver (Hentsch et al., 1996), 
Nkx2-1/TTF-1 in the thyroid (Lazarro et al., 1991; Guazzi 
et al., 1990, 1994), and Pdxl in the pancreas (Jonsson et al., 
1994). 
In several cases, the insect and vertebrate homologs have 
been found to play a role in the development of correspond-
ing organs. For example, the Drosophila eyeless (ey) gene 
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appears to be homologous to the murine Pax-6 and human 
Aniridia genes (Quiring et al., 1995). The embryonic expres-
sion patterns of these three genes are very similar, being 
expressed in the developing central nervous system and eye. 
Ectopic expression of ey is capable of inducing the forma-
tion of essentially normal eyes in various parts of the fly 
body, and the mouse Pax-6 sequence can effectively mimic 
this activity (Halder et al., 1995). It thus appears that both 
the sequence and the function of these genes has been con-
served during evolution. Another such example of conserva-
tion in the role of homeodomain proteins between verte-
brates and invertebrates comes from the study of the devel-
opment of the heart. In Drosophila, the tinman gene (tin) 
is required for development of the dorsal vessel, the fly 
equivalent of the heart, and for the development of the mus-
culature of the midgut (Bodmer, 1993). Knockout of Nkx2-5, 
the putative mouse homolog of tinman results in abnormal 
development of the cardiac musculature, suggesting that 
the two genes share similarity at both the sequence and 
functional level (Komuro and Izumo, 1993; Lints et al., 
1993; Lyons et al., 1995). 
The tinman gene is related in sequence and is geno-
mically linked to the bagpipe (bap) gene. Both are members 
of the NK2 class of homeobox genes, which now contains 
many members from a wide variety of animal phyla (Har-
vey, 1996). bap transcripts are found in a subset of tin-
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expressing cells within the midgut and cardiac precursors 
of Drosophila (Azpiazu and Frasch, 1993) and expression is 
first observed in the stage 10 embryo when 11 discrete, hap-
expressing patches of cells appear in the dorsal mesoderm 
of the embryo. In time, these patches fuse to form a continu-
ous band of hap-expressing cells fated to form the muscula-
ture of the midgut. The cardiac precursors of the embryo 
do not express hap until a somewhat later stage. hap is also 
expressed in cells at the stomodeum and proctodeum that 
are precursors to the visceral mesoderm of the foregut and 
hindgut. While disruption of this gene results in abnormal 
development of midgut musculature, the foregut, hindgut, 
and dorsal vessel all form normally. 
In this paper, we report the isolation and characterization 
of Xhap, a hap-related gene in Xenopus. The vertebrate and 
Drosophila genes are highly conserved within the borneo-
box and to a lesser extent in several other domains, and so 
Xhap may represent the vertebrate homolog of the hap gene. 
In the Xenopus embryo, Xhap is expressed in the posterior 
foregut, approximately corresponding to one of the domains 
of hap expression in the fly. Xhap is also expressed at high 
levels in developing craniofacial structures, suggesting that 
this horneobox sequence has acquired a novel develop-
mental function during evolution. 
METHODS AND MATERIALS 
Isolation of Xbap Sequences 
Approximately 106 plaques of a Xenopus laevis adult heart eDNA 
library (Ji et al., 1993) were plated and screened at low stringency 
(5x SSC/0.1% SDS at room temperature for 30 min) with a probe 
containing the homeobox of the XNkx2-5 gene (Tonissen et al., 
1994). Of numerous recombinants detected under these low strin-
gency conditions, a single clone was found to contain bap-related 
sequences when sequenced using the degenerate homeobox primer 
5'-AACCADATYTTNACYTG-3'. Additional Xbap clones were 
isolated from a Xenopus stage 28 head eDNA library (Hemmati-
Brivanlou et al., 1991), but none of these contained theN-terminal 
protein coding region. The extreme 5' end of the coding region was 
therefore isolated using inverse PCR on genomic DNA as follows. 
X. laevis genomic DNA isolated from red blood cells was digested 
with the restriction enzyme EcoRV, ligated into circles, and then 
linearized with the restriction enzyme BstXI. The genomic frag-
ment was PCR amplified with the Xbap-specific primers 5' -AGA-
CTGCAGTGGCCAGCCTG-3' and 5'-ATTCAGCCCTCAGTG-
AGGAG-3' for 30 cycles of 1 min at 95eC, 1 min at 58eC, and 4 
min at nee. The resulting product was cloned into pBluescript KS+ 
and the sequence of the N -terminal region of Xbap was determined. 
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Whole-Mount in Situ Hybridization and Sectioning 
Digoxygenin-labeled antisense RNA probes were prepared using 
a standard protocol (Boehringer Mannheim). Xbap template was 
linearized using Noti and transcribed using T7 RNA polymerase 
to yield a 1.8-kb product. A fragment of the goosecoid (gsc) gene 
in pGEM7z was kindly provided by A. Hemmati-Brivanlou. For 
probe preparation, the plasmid was linearized with Xhoi and tran-
scribed with SP6 RNA polymerase. Whole-mount in situ hybridiza-
tion was carried out as described by Harland (1991) except that 
Chaps was omitted at all steps. Double-staining in situ hybridiza-
tion was performed using BCIP and magentaphos as staining re-
agents (Knecht et al., 1995). For serial sectioning, whole-mount-
stained embryos were rinsed in TBS, dehydrated in ethanol (2X 1 
hr), incubated in xylene (2x 10 min), incubated in paraplast ( 1 x 10 
min in 1:1 xylene:paraplast; 1 X 30 min, and then overnight in 100% 
paraplast), and embedded in paraplast. The 10-pm sections were 
cut, mounted in Permount, and observed by differential interfer-
ence optics. 
Cartilage Staining 
Staining of embryonic cartilage was carried out as described by 
Klymkowsky and Hanken (1991) but omitting the alzarian red 
staining. 
RNase Protection and RT-PCR Analysis 
Embryonic RNA was isolated by homogenizing embryos in 50 
mM Tris-Cl (pH 7.5), 50 mM NaCl, 10 mM EDTA, and 0.5% SDS. 
Proteinase K was added to 0.25 mgfml and after 1 hr at 3rC the 
homogenate was phenol/chloroform extracted and isopropanol pre-
cipitated. A further purification was achieved by resuspending the 
RNA in water and precipitating with an equal volume of 8 M LiCl. 
RNA from the equivalent of 7.5 embryos was analyzed by RNase 
protection (Krieg and Melton, 1987) using probe against approxi-
mately 400 nt of the Xbap 3' UTR. The ubiquitously expressed 
Xmax sequence (Tonissen and Krieg, 1994) was used as control. 
RNA was isolated from organs of an adult male using the Totally 
RNA kit (Ambion). Complementary DNA was synthesized from 
500 ng of total RNA using standard techniques. PCR was performed 
using a pair of Xbap specific primers (5'-ACCATGTTCAGAGGC-
CCTCT-3' and 5'-AGATCCTCCAGCAACAG-3') and a pair of EF-
1a-specific primers (5'-GGTCTGCGGCGAGTTCT AAC-3' and 5'-
GAGGGCATGCTCACGGGTTT-3') (Krieg et al., 1989). PCR con-
ditions were 35 cycles of 95ec for 30 sec, 55ec for 30 sec, and nee 
for 90 sec. Resulting Xbap products were fractionated on an agarose 
gel, blotted onto Hybond-N (Amersham), and hybridized with 32P-
labeled Xbap probe. 
FIG. 1. (A) Nucleotide and derived amino acid sequence of the Xbap coding region. The first 192 nt are derived from Xenopus genomic 
DNA, while the remainder of the sequence is from a eDNA clone. The two potential start methionines are marked by arrows. The 
homeodomain sequence is underlined, the TN domain is double underlined, the NK-2SD is marked by a dashed line, and the BAP domain 
is overlined. An intron is located at the site marked by the open arrow. (B) Comparison of the amino acid sequences of conserved regions 
in bap family members. Identical amino acids are represented by a dash. The conserved tyrosine residue diagnostic of the NK-2 class of 
homeodomains is marked with an arrow. 
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Homeodomain %identity 
toXbap 
Xbap KKRSRAAFSHAQVFELERRFNHQRYLSGPERADLAASLKLTETQVKIWFQNRRYKTKRRQ 100% 
bap --------------------AQ---------SEM-K--R-------------------K- 87% 
Pnbap ---T------T--Y------G-------S---E--R--R-8----------------K-- 83% 
TN domain %identity 
to Xbap 
Xbap TPFSIQAILN 100% 
bap -----ND--T 70% 
NK2-specific domain %identity 
to Xbap 
Xbap AAKKVAVKVLVRDDQRQ 100% 
bap -8-R-PIQ----E-GST 47% 
Sap domain %identity 
to Xbap 
Xbap PYFYP 100% 
bap 100% 
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RESULTS 
Isolation of Xbap eDNA Clones 
In an effort to identify novel homeobox sequences ex-
pressed in the vertebrate heart, a DNA probe containing the 
XNkx2-5 homeobox was used to screen a X. laevis adult 
heart eDNA library at low stringency. Together with many 
strongly positive plaques representing the XNkx2-5 gene, 
several plaques of lower intensity were isolated. Sequencing 
of homeodomain regions revealed that one of these cDNAs 
was 87% identical at the amino acid level to the Drosophila 
bagpipe gene (Fig. 1B). We have called this Xenopus se-
quence Xbap. 
The nucleotide sequence of the Xbap coding region and 
the conceptual translation of the Xbap protein are presented 
in Fig. 1A. The open reading frame is 987 nucleotides long, 
encoding a 329-amino acid protein with a predicted molecu-
lar weight of 36 kDa. In addition to the homeobox, three 
other regions of sequence similarity to bap can be identified 
(Fig. 1B). The first is the TN domain, a 10-amino acid motif 
located near theN-terminal of NK-2 class homeobox pro-
teins (Harvey, 1996). Xbap and bap are identical in 7 of 10 
residues in the TN domain. The TN domains in Drosophila 
tin and bap are located 35 and 22 amino acids, respectively, 
from the start methionine, and in all vertebrate tin homo-
logs, the TN domain begins within 9 amino acids of the 
start methionine. In contrast, the TN domain in Xbap is 
located 65 amino acids from the first in-frame methionine. 
Another in-frame methionine is located 10 amino acids up-
stream of the TN domain, and while there is no compelling 
reason to believe that translation starts at this site, the 
second methionine is contained in a context that more 
closely resembles the preferred translation initiation con-
sensus sequence (Kozak, 1986). A second region of similar-
ity, the NK-2-specific domain (NK-2SD), is located immedi-
ately downstream of the homeodomain (Harvey, 1996). 
Over the 17-amino acid stretch encompassing the NK-2SD, 
7 residues are identical in Xenopus and Drosophila bap, 
including a highly conserved stretch of hydrophobic resi-
dues making up the core of the domain (Fig. 1B). Both bap 
and Xbap are relatively diverged from the consensus NK-
2SD sequence seen in the other NK-2 family members. A 
final region of sequence identity is located 16 amino acids 
C-terminal of the NK-2SD. This five amino acid region is 
not present in any other NK-2 family member, and so we 
have called it the BAP domain (Fig. 1B). An intron splits 
the Xbap coding sequence within amino acid 180, 65 nucle-
otides upstream of the homeobox. The bap gene contains 
an intron in the same approximate region, 78 nucleotides 
upstream of the homeodomain. 
Embryonic Expression of the Xbap Gene 
The developmental expression profile of Xbap was deter-
mined by RNase protection (Fig. 2). Although not visible in 
the figure, the original autoradiograph first reveals Xbap 
Newman et al. 
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FIG. 2. Developmental profile of Xbap expression. Approximately 
7.5 embryo equivalents of total RNA from different developmental 
stages was subjected to RNase protection analysis using an Xbap-
specific probe from the 3'UTR. A probe from the ubiquitous Max 
gene was included in the same protection reaction, to ensure equal 
recovery of input RNA. The numbers at the top of the lanes indicate 
the Xenopus embryonic stage (Nieuwkoop and Faber, 1994). 
transcripts at the late neurula stage of development (stage 
18). The level of Xbap mRNA increases slowly up to the 
tailbud stage (stage 28) when the transcript abundance 
climbs sharply. Xbap RNA levels then remain approxi-
mately constant through the tailbud and tadpole stages 
(stages 30-44). The two protected bands visible in Fig. 2 are 
probably due to the fact that Xenopus is pseudotetraploid 
and usually contains two closely related copies of each 
mRNA (Kobel and Du Pasquier, 1986). To localize Xbap 
expression in the embryo, we have carried out whole-mount 
in situ hybridization studies. Using this technique, Xbap 
expression is first detected in the developing face and some-
what later in anterior gut tissues. To simplify the descrip-
tion, the facial and gut expression patterns will be presented 
separately. 
Craniofacial expression of Xbap is first detected in the 
early tailbud embryo (stage 30) and becomes clearly defined 
slightly later as distinct, bilaterally symmetrical bars, on 
either side of the cement gland and flanking the future 
mouth opening (Figs. 3A-3C). As development proceeds, 
this region contracts, until Xbap expression is concentrated 
in two regions immediately ventroposterior to the stomo-
deum (Figs. 3D-3F). We have compared the facial expres-
sion of Xbap to goosecoid (gsc), which is expressed in Meck-
el's cartilage and the hyoid arch in developing mouse (Gaunt 
et al., 1993; Riveria-Perez et al., 1995; Yamada et al., 1995) 
and zebrafish embryos (Schulte-Merker et al., 1994). In the 
late-tailbud Xenopus embryo (stage 36) gsc is expressed 
strongly in the ventral head region (Figs. 3G and 3H). From 
the side, the gsc expression pattern appears very similar to 
the Xbap pattern. However, viewed from either the dorsal 
or anterior aspect, gsc expression extends more toward the 
midline than Xbap (compare Figs. 3B and 3C and 3H and 3I). 
By tadpole stage (stage 42), the two patches of gsc expression 
almost meet at the midline of the embryo (Figs. 3J and 3K), 
while at the same stage Xbap expression does not extend 
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as far toward the midline (Fig. 3F). In summary, although 
the regions of Xbap and gsc expression appear to partly 
overlap, especially at the early stages, gsc expression is con-
centrated closer to the midline than Xbap. 
The medial region of Xbap facial expression (Fig. 3A) is 
first detected at approximately stage 32, posterior to the 
initial sites of staining and below the floor of the developing 
pharyngeal cavity. This domain is consistent with the re-
gion where the basihyobranchial cartilage will develop. Ex-
pression of gsc occurs in the same region (Fig. 3G); however, 
while Xbap is confined to a narrow band as viewed from 
the anterior (Fig. 3B), gsc expression extends further later-
ally (Fig. 3H). 
Sections through stained embryos allow a more precise 
localization of Xbap and gsc expression in the head. A trans-
verse section through the head of a stage 3 7 embryo stained 
for both Xbap and gsc transcripts shows that Xbap expres-
sion is located in two patches, ventrolateral to the mouth 
cavity, within the mesenchymal layer (Fig. 4A). A region of 
gsc-specific staining is located between the Xbap positive 
cells and extending below the oral cavity (Fig. 4A). A hori-
zontal section reveals gsc staining anterior to the mouth 
cavity, flanked by Xbap staining (Fig. 4B) and a higher mag-
nification of this region (Fig. 4C) shows that a small group 
of cells between the domains of Xbap and gsc expression 
appears to express both sequences. In older embryos (stage 
42), at the time of chondrification of the face, Xbap staining 
marks the anterior and lateral regions of the mouth cavity 
(Fig. 40). The medial region of Xbap expression is also a 
part of the mesenchymal layer, staining a narrow patch of 
cells below the posterior pharyngeal cavity (Fig. 4E). In addi-
tion, faint staining is visible below the surface epithelium, 
within the pharyngeal arches, possibly marking the pre-
sumptive branchial cartilages (Fig. 4E). In comparison, the 
medial region of gsc expression is visible as a broad patch 
of staining across the middle third of the embryo, at approxi-
mately the level of the developing gills (Fig. 4F). This do-
main of expression is distinctly broader than the equivalent 
region of Xbap expression (Fig. 4E). 
The other, major region of Xbap expression in the embryo 
is the anterior gut. In tailbud embryos, Xbap transcripts are 
detected in bilateral regions dorsoposterior to the devel-
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oping heart (Fig. 3A). Initially located high on the flank, the 
area of expression shifts ventrally, broadening at the base, 
as development proceeds. Furthermore, expression progres-
sively diminishes on the right side of the embryo, finally 
disappearing completely at about stage 40 (Figs. SA-SC). At 
this stage, Xbap expression is still prominent on the left 
side of the embryo on the surface of the developing anterior 
gut tube (Fig. SC). 
Sections through stage 37 embryos, when bilateral gut 
expression is still present, show that Xbap expression is 
localized to a thin layer of cells below the surface ectoderm 
(Fig. 50). By stage 41 the staining extends much deeper 
below the surface of the embryo, and a thin layer of Xbap-
expressing cells is separated from the lumen of the gut by 
a thick layer of nonexpressing endodermal tissue (Fig. SE). 
The Xbap-expressing cells are located at the outer edges of 
the gut tube, which will go on to form the gut musculature, 
as assayed by antibody staining for expression of smooth 
muscle actin (data not shown). 
Somewhat surprisingly, in situ hybridization studies do 
not reveal Xbap expression in the posterior gut region, 
where bap is expressed in the Drosophila embryo. To exam-
ine this matter more closely, we have carried out RNase 
protection and PCR assays to determine whether Xbap tran-
scripts are present in developing hindgut. In experiments 
using late tailbud embryos (stage 34), total RNA was iso-
lated from the head, middle, and tail segments (Fig. 6A) 
and assayed for Xbap sequences by RNase protection. As a 
control, the same samples were probed for XNkx2-5 mRNA, 
which is expressed in the heart and in the developing spleen 
in the foregut region (K. Patterson, personal communica-
tion). This probe serves to confirm that no foregut tissue 
was included in the tail segment. The results show that, in 
the tailbud embryo, Xbap transcripts are detectable in the 
anterior and middle segments of the embryos, but not in 
the posterior region where the hindgut is developing (Fig. 
6B). We have used RT -PCR to assay for Xbap expression 
in later stage embryos, when gut structures are clearly elab-
orated. Briefly, digestive tracts from stage 46 tadpoles were 
divided into foregut and hindgut sections by cutting at the 
apex of the gut coil and total RNA was isolated from each 
segment. RT -PCR analysis demonstrates that Xbap tran-
FIG. 3. Whole mount in situ hybridization pattern of Xbap (A, B, C, D, E, and F) and gsc (G, H, I, J, and K) and Alcian blue staining to 
visualize cartilage (L). All embryos were photographed at 70X magnification except for (D) at 60x. (A) Lateral view of a stage 36 embryo 
showing both regions of facial staining and the region of gut expression (indicated by g in the figure). (B) Anterior view of the embryo 
pictured in (A). The paired anterior regions of expression lie on either side of the future mouth opening (M). (C) Dorsal view of a stage 
37 embryo showing the forked appearance of the Xbap staining. (D) Lateral view of the left side of a stage 42 embryo showing staining 
of the anterior gut tube and facial staining. (E) Dorsal view of a stage 40 embryo. Xbap staining now marks crescent-shaped regions on 
either side of the future mouth opening (M). (F) Dorsal view of the embryo shown in (D). The region of staining corresponding to the 
palatoquadrate cartilage (PQ) is indicated. (G) Lateral view of a stage 36 embryo showing gsc expression in the face. (H) Anterior view of 
the embryo pictured in (G). Compare the gsc staining pattern with that of Xbap in (B) and note the vertical nature of the bilateral patches 
of staining and the broad domain of expression of the midline staining. (I) Dorsal view of the embryo shown in G and H. (J) Lateral view 
of a stage 42 embryo stained for gsc transcript. (K) Dorsal view of the embryo pictured in J showing the convergence of the gsc staining 
at the embryonic midline. (L) Ventral view of the head of a stage 43 embryo stained for cartilage. Compare the location of the palatoquadrate 
cartilage (PQ) with that of Xbap staining in similar stage embryos (E and F). Meckel's cartilage (MC), ceratohyal cartilage (CH), and 
basihyobranchial cartilage (BHB) are also shown. 
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FIG. 4. Sections through the mouth region of embryos stained for Xbap mRNA (A-E) or gsc mRNA (A, B, C, and F). Horizontal sections 
are oriented with anterior at the top. Transverse sections have ventral to the bottom. The positions of the cement gland (cg) and the oral 
cavity (oc) within the sections are indicated. All sections were photographed at lOOx magnification except C, which is 400x. (A) Transverse 
section through a double-stained stage 3 7 embryo. Xbap staining is blue and gsc staining is purple. Both sequences are expressed ventrolat-
eral to the oral cavity with Xbap occupying a more lateral position. (B) Horizontal section through the a stage 37 embryo showing Xbap 
and gsc expression anterior to the oral cavity. Xbap staining marks more lateral tissues. (C) Magnified view of the section shown in B. 
Notice that the Xbap and gsc staining regions closely abut and appear to overlap in a small area (gray region). (D) Transverse section 
through the middle of the oral cavity of a stage 3 7 embryo stained for Xbap sequences alone. Intense Xbap staining is restricted to a small 
region of tissue lateral to the oral cavity. (E) Transverse section through the posterior of the oral cavity of a stage 37 embryo stained for 
Xbap alone. A narrow region of Xbap expression is located ventral to the oral cavity, while fainter staining extends upward along the 
edges of the cavity. (F) Transverse section through the posterior of the oral cavity of a stage 37 embryo stained for gsc alone. Notice that 
the domain of gsc expression is broader than the Xbap expression shown in E. 
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FIG. 6. Localization of Xbap transcripts in the tailbud embryo. 
(A) Stage 34 embryos were dissected into head, middle, and tail 
sections as indicated and total RNA was isolated. (B) Xbap tran-
script distribution assayed by RNase protection. Total RNA from 
the head, middle, or tail segments of stage 34 embryos was assayed 
using either Xbap or XNkx2-5 probe. Both XNkx2-5 and Xbap 
probes generate two protected fragments, most likely due to dupli-
cated genes in the pseudotetraploid Xenopus genome (Kobel and 
Du Pasquier, 1986). Equal RNA input was determined with the 
Max probe. 
scripts are present, at approximately equal levels, in both 
the foregut and the hindgut regions (data not 
sho\\-11). This result indicates that Xbap expression ex-
tends into hindgut tissues during the later stages of em-
bryogenesis. 
Adult Expression of the Xbap Gene 
RT -PCR was used to assay for Xbap expression in a vari-
ety of adult tissues (Fig. 7). The kidney, pancreas, spleen, 
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FIG. 7. RT -PCR analysis of Xbap expression in adult tissues. 
Total RNA was collected from the indicated adult organs and as-
sayed for Xbap transcripts using gene specific primers as described 
under Materials and Methods. RT -PCR amplification of the ubiq-
uitous EF-la sequence (visualized by ethidium bromide staining) 
was used as a control for RNA levels. 
and stomach show significant levels of Xbap transcript and 
slightly lower levels are detected in the intestine, skeletal 
muscle, and tongue. Heart, liver, and lung contain little or 
no Xbap RNA. These results indicate that the late-stage 
embryonic expression of Xbap in gut tissues is maintained 
in the corresponding adult organs. 
DISCUSSION 
Isolation of a Vertebrate Gene Related to bap 
We have isolated and characterized a vertebrate sequence 
closely related to Drosophila bagpipe. The sequence of the 
Xbap protein is highly conserved with respect to hap in a 
number of important regions, including the TN domain, 
homeodomain, NK-2SD, and the BAP domain. Within the 
homeodomain the Xbap protein sequence is 87% identical 
to Drosophila hap (Azpiazu and Frasch, 1993) and 83% iden-
tical to planarian Pnbap (Balavoine, 1996). While the TN 
domain and NK-2SD are present in most members of the 
NK-2 class of homeodomain proteins, no function has yet 
been ascribed to these two regions, although in vitro studies 
with Nkx2-5 suggests that the NK-2SD may play a role as 
a transcriptional repression domain (Chen and Schwartz, 
1995). 
Expression of Xbap in the Developing Gut 
In the fly embryo, bap is necessary for development of 
the visceral musculature of the midgut. In addition, bap is 
FIG. 5. Xbap expression in the gut. A and B are at 30X magnification and C is at 70x magnification. (A) Lateral view of the left side of 
a stage 38 embryo stained for Xbap. Note the domain of Xbap expression in the gut. (B) Lateral view of the right side of the embryo 
pictured in A illustrating absence of gut staining. (CI Ventral view of a stage 40 embryo stained for Xbap mRNA showing expression in 
the developing gut tube on the left side of the embryo. Anterior is up. (D)lOOx magnification of a horizontal section through a stage 37 
embryo showing Xbap transcripts in a layer of cells underneath the outer ectoderm on both sides of the embryo. Anterior is to the left. 
(E) 200x magnification view of a horizontal section through a stage 41 embryo showingXbap expression on the left side, partially encircling 
the gut tube. Anterior is up. 
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expressed in the precursor cells of the dorsal vessel and in 
the musculature of the fore and hindgut. Our studies show 
that Xbap has two major expression domains in the verte-
brate embryo-the developing cartilage of the head and the 
anterior viscera. The pattern of Xbap expression in the de-
veloping gut muscle of the frog is approximately equivalent 
to bap expression in the gut muscle of the fly, suggesting 
that this bap function may have been evolutionarily con-
served. Unlike bap expression in the dorsal vessel of the 
fly, Xbap sequences are never observed in the heart anlage 
of the amphibian embryo. However, mutation of the Dro-
sophila bap gene does not effect development of the dorsal 
vessel, suggesting either that bap does not function in this 
tissue or that a redundant system can replace bap function. 
Overall, the pattern of Xbap expression in the visceral re-
gion is consistent with a role in patterning, perhaps by pro-
viding the mesodermal cells of the gut with positional infor-
mation along the A/P axis, or by specifying the development 
of the muscular tissue. 
Expression of Xbap during Craniofacial 
Development 
The skeleton of the developing head of Xenopus has been 
described in detail (Patterson, 1939; Trueb and Hanken, 
1992) and is diagrammed in Fig. 8. The lower jaw of the 
tadpole consists of paired Meckel's cartilages joined anteri-
orly by a single infrarostral cartilage. Posteriorly, the jaw 
articulates on the palatoquadrate cartilage. Posterior to 
Meckel's cartilage, and underlying the pharyngeal cavity, 
are the paired ceratohyal cartilages. Positioned between the 
two ceratohyals, and extending beyond them posteriorly, is 
the basihyobranchial cartilage. Mesenchymal-derived head 
structures in vertebrates arise from two distinct sources 
(Noden, 1988). In the amphibian, muscle, blood vessels, 
connective tissue, and a portion of the skull arise from em-
bryonic mesoderm while most of the cartilage of the embry-
onic face is derived from the cranial neural crest (Stone, 
1926, 1929). In particular, the cells of the mandibular crest 
segment (MCS) contribute to the structures of the mandibu-
lar arch, including Meckel's cartilage in the lower jaw and 
the palatoquadrate (Sadaghiani and Thiebaud, 1987). In both 
Amblystoma and Rana, extirpation of the MCS greatly re-
duces or eliminates formation of a number of facial carti-
lages including Meckel's cartilage and the palatoquadrate 
(Stone, 1926, 1929). The expression of Xbap in the region 
of these developing cartilages suggests a mesectodermal ori-
gin for some of the Xbap-positive cells. 
Precise identification of the tissues expressing Xbap in 
the frog embryo, especially at the earliest stages, is compli-
cated by the lack of definitive markers for facial structures 
prior to differentiation of cartilage, which occurs at about 
stage 40 (unpublished observations). To further complicate 
the situation, it is not possible to distinguish between 
changing domains of Xbap expression and simple move-
ment of the precursor structures during facial development. 
Nevertheless, by a combination of cartilage staining and 
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FIG. 8. Dorsal {A), ventral (B), and lateral (C) views of the major 
cartilages in the anterior Xenopus head at stage 45. The mouth of 
the tadpole is situated between the superrostral plate and the lower 
jaw, which is made up of the infrarostral and Meckel's cartilages. 
The approximate regions of Xbap expression are represented by 
hatched areas. BHB, basihyobranchial cartilage; CH, ceratohya1 car-
tilage; IR, infrarostral cartilage; MC, Meckel's cartilage; PQ, palata-
quadrate cartilage. 
comparisons of Xbap and gsc expression, we are able to 
make the following general observations. While both bap 
and Xbap are expressed in the region of the developing 
mouth, they do not stain homologous structures. In the fly, 
bap is expressed in muscle precursors of the anterior fore-
gut. In contrast, Xbap expression marks precursors of the 
cartilaginous elements of the face. Later in development 
cartilage staining indicates that Xbap is expressed in the 
palatoquadrate cartilage, near the point of articulation to 
Meckel's cartilage and possibly in the caudal regions of 
Meckel's cartilage itself. The infrarostal cartilage, separat-
ing the paired Meckel's cartilage is Xbap negative but may 
express gsc sequences (Fig. 3K). Xbap expression also marks 
the forming basihyobranchial cartilage below the floor of 
the pharynx at the level of the hyoid and branchial arches 
(Fig. 4E). Interestingly, unlike most other cartilage of the 
facial region, the anuran basihyobranchial cartilage is not 
derived from the cranial neural crest, but has its origins 
in the anterior mesoderm (Sadaghiani and Thiebaud, 1987; 
Seufert and Hall, 1990). Thus, Xbap appears to be expressed 
in both mesodermal and mesectodermal tissue within the 
head. 
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The evolutionary appearance of the neural crest coincides 
with the appearance of the vertebrate phylum, being found 
solely in this group of animals (Cans and Northcutt, 1983). 
It thus appears that expression of Xbap in the cartilage of the 
jaw is not an evolutionary conservation of bap expression in 
the arthropods, but represents a new role for the bap se-
quence. It seems likely that, during evolution of the neural 
crest, the bap sequence was appropriated for use in speci-
fying distinct elements of the jaw. Considering this observa-
tion, it may be of interest to investigate the expression pat-
tern of the bap homolog in the jawless fish, a vertebrate 
which possesses a neural crest but lacks a true jaw. 
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